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Abstract
Anatomical and morphological seed traits are of great
ecological importance and are a main subject of, for
example, seed bank or endozoochory studies. However,
we observed a lack of information about the relationship
between seed anatomy and seed morphology and its
ecological implications. To ﬁll this gap, we linked the ana-
tomical features of diaspore coverings to morphological
characteristics of free seeds and one-seeded fruits. We
predicted that: (1) the thickness andanatomical complex-
ity of seed coat and pericarp are related to diaspore size
and shape; and (2) the presence or absence of the peri-
carp may inﬂuence seed-coat thickness and anatomy.
In our study we investigated diaspores of 39 central-
eastern European herbaceous species and recorded
the thickness and anatomical complexity of their seed
coverings, and we determined diaspore mass and
shape.Our results indicate that diasporemass is positive-
ly related to covering thickness, ligniﬁcation degree and
anatomical complexity. This might be the case because
bigger diaspores tend to remain on the soil surface and
are more exposed to predation risk and environmental
threat than smaller diaspores. Furthermore, more round-
shaped diaspores had disproportionately thicker and
more ligniﬁed coverings than long or ﬂat ones, probably
because round-shaped diaspores much more frequently
formseedbanksand thereforepersist fora long time in the
soil. We also found that free seeds as diaspores have a
thicker andmore ligniﬁed seed coat than seeds enclosed
in fruits. In one-seeded fruits, the pericarp ‘takes the pro-
tective role’, it is thick, and the seed coat is poorly
developed.
Keywords: one-seeded fruit, pericarp, seed coat, seed
ecology, seed shape, seed size
Introduction
Seeds represent one of the most complex and evolution-
arily successful forms of sexual reproduction in vascu-
lar plants, and at the same time they are the key
dispersal unit. Therefore, there is a wide range of litera-
ture examining their evolution, ecology, physiology
and anatomy (e.g. Baskin et al., 2000; Fenner, 2000;
Baskin and Baskin, 2001; Rodriguez-Pontes, 2008;
Graeber et al., 2011; Morris et al., 2011). Seeds can be dis-
persed with various kinds of additional tissue, usually
represented by the pericarp, which is formed from the
ovary. Free seeds, fruits and any other type of dispersal
unit are collectively called diaspores. But is the seed
coat less developed when there is a pericarp? There is
some evidence in the literature that in some taxa, post-
dispersal pericarp presence results in a relatively thin,
underdeveloped seed coat (e.g. Tsou and Mori, 2002).
The question remains whether this relationship can be
generalized through various taxa.
Phylogenetic relationships are probably the best pre-
dictors of diaspore anatomy (Martin, 1946; Baskin et al.,
2000; Linkies et al., 2010; Yang et al., 2012). It seems obvi-
ous that closely related taxa have a more similar
histo-anatomical diaspore structure than very distant
relatives. For example, in the Apiaceae family one usu-
ally finds diaspores with thin, single-layered seed
coats coalesced with a thicker pericarp, with ribs and
secretory oil ducts (Petri, 1979; Tămaș, 2004; Calvino
et al., 2008; Bercu and Broasca, 2012; Lobiuc et al.,
2012). In the Fabaceae, the diaspores are seeds with
thick seed coats consisting of palisade sclerenchyma,
brachysclereids and some live nutritious tissues
(Tămaș, 2004; Rodriguez-Pontes, 2008). Phylogeny can
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also predict the morphology and size of the diaspores.
Gymnosperms, for example, have somewhat less vari-
ation in seed mass and have, in general, bigger seeds
than angiosperms. Angiosperms radiated out of the tro-
pics and shifted from being predominantly small-
seeded to having a much wider range of seed sizes
(Moles et al., 2005). Furthermore, seed size seems to be
correlated with plant size (Thompson and Rabinovitz,
1989; Fenner, 2000; Linkies et al., 2010).
The seed coat has a crucial role in diaspores. It pro-
tects the embryo and endosperm, it may regulate seed
dormancy (physical dormancy) and it facilitates dis-
persal (Howe and Smallwood, 1982; Kelly et al., 1992;
Baskin et al., 2000; Tsou and Mori, 2002; Daws et al.,
2006). The protection of the embryo is essential for
the successful establishment of the next generation
because, after dispersal, the seed can meet inhospitable
conditions for embryo survival or seed germination
(Kelly et al., 1992; Dubbern De Souza and Marcos-
Filho, 2001; Gómez-González et al., 2011). It is expected
that thicker and more complex seed coverings ensure
better protection for the embryo and endosperm.
Pearson et al. (2002) have studied the relationship
between seed-coat thickness and seed size. They have
found that larger, non-photoblastic seeds had more
highly developed seed coats than smaller, photoblastic
seeds. It is well known that persistence in soil is nega-
tively related to seed size and variance in seed dimen-
sions (Thompson et al., 1993; Moles et al., 2000). This
relationship is explained by the vertical penetration
efficiency of diaspores through the soil: smaller and
more rounded seeds can penetrate deeper than bigger
or more elongated ones, and are able to form a persist-
ent seed bank (Thompson et al., 1993; Bekker et al.,
1998; Csontos and Tamás, 2003). On the other hand,
bigger and more elongated diaspores cannot penetrate
to deeper soil layers, thus they are more exposed to
seed predation on the surface (Thompson et al., 1993;
Rees, 1996; Hulme, 1998; Cerabolini et al., 2003).
Bigger seeds develop thicker and harder seed cover-
ings for protection against predators (Morrison et al.,
1997; Honek and Martinkova, 2003; Lundgren, 2009;
Matías et al., 2009) and inhospitable environmental
conditions to which they are exposed (Bond et al.,
1999; Gashaw and Michelsen, 2002; Daws et al., 2005,
2006; Salvatore et al., 2010).
Besides seed-covering thickness, there are also some
traits related to chemical composition of seed cover-
ings, more difficult to measure, which can be related
to protection of the embryo. For example, lignification
and cutinization of the seed coverings can also result in
better protection and isolation of the seed interior
(endosperm and embryo) against environmental fac-
tors such as light, water, oxygen, temperature
extremes, mechanical threats, pathogens and predators
(Rolston, 1978; Dubbern De Souza and Marcos-Filho,
2001; Daws et al., 2005, 2006).
The anatomy of the seed coat and pericarp can
reflect the dispersion strategy of the diaspore as well
(Fahn and Werker, 1972; Werker, 1997; Baskin et al.,
2000; Linkies et al., 2010). Morphology (size and
shape) is also implicated and plays a crucial role in
this issue. For example, diaspores distributed by
wind are generally small and light and often have
appendices to increase the surface area or to facilitate
the flight (Fahn and Werker, 1972; Venable and
Brown, 1988). Endozoochorous seeds are generally big-
ger, with thick sclerenchymatous seed coverings to
resist digestion, and often have fleshy pulps.
Epizoochorous seeds require hooks for attaching to
fur, or elaiosomes if they are carried away by ants (myr-
mecochory) (Venable and Brown, 1988; Werker, 1997).
Most of the publications examining seed-covering
anatomy are descriptive studies, often on plants with
agricultural importance, or studies with a physiologic-
al point of view (Petri, 1979; Toma and Rugină, 1998;
Tămaș, 2004; Finch-Savage and Metzger, 2006;
Graeber et al., 2011, 2012; Morris et al., 2011;
Weitbrecht et al., 2011; Lobiuc et al., 2012). Most articles
examine seed anatomy on one or a few species within a
genus and they often discuss taxonomical questions
(Hermann et al., 2007; Morris et al., 2011; Linkies and
Leubner-Metzger, 2012). Fewer papers examine the
ecological implications of seed-covering anatomy in
seed dispersal, seed persistence and germination
(Martinez et al., 2007; Norden et al., 2008; Widodo
et al., 2009). Furthermore, there are very few articles
examining differences in seed-coat anatomy between
diaspore types (i.e. one-seeded fruits, free seeds).
Tsou and Mori (2002) compared the differentiation
degree of the seed coat between free seeds and fruits
as diaspores, and found that free seeds have more com-
plex and better differentiated seed coats than fruits,
where the pericarp takes on the protective function of
the seed. Besides these topics, we found a lack of infor-
mation in the literature about relationships between
seed-coat anatomy and other seed traits of ecological
importance, such as seed morphology (but see
Martinez et al., 2007) and diaspore type (but see Tsou
and Mori, 2002).
Based on this gap in the literature, and concentrat-
ing on problems of ecological importance, in this
study we analyse how seed-covering anatomy is
related to diaspore morphology in 39 herbaceous spe-
cies from central-eastern Europe. We hypothesized
that: (1) thickness and anatomical complexity of seed
coverings (seed coat and pericarp) are related to
morphology (size and shape) of the diaspores; further-
more (2) the thickness and anatomy of the seed coat
(testa and tegmen) differ between free seeds and one-
seeded fruits.
We predicted that: (1) bigger and more elongated
diaspores have a thicker and anatomically more com-
plex seed coat, with a greater proportion of lignified
T. Kuhn et al.2
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tissue due to an additional investment in these struc-
tures, ensuring a greater protection; and (2) the thick-
ness and anatomical complexity of the seed coat are
negatively influenced by the presence of the pericarp.
Materials and methods
Collection of diaspores
We collected diaspores of 39 common herbaceous plant
species from temperate grasslands and ruderal habitats
in Romania, which belonged to 12 common plant fam-
ilies of this region (Table 1). Our primary criteria of
species selection within families were diaspore type
and size. The free seeds or single-seeded fruits (that
function as dispersal units) have been obtained from
selected taxa belonging to a quite representative num-
ber of various families. Within families, we selected
species with smaller (seed mass < 1 mg) and larger dia-
spores (seed mass > 1 mg) as well. Seed collection
included at least 30 different mother plant individuals
from one to three sites each. Diaspores were cleaned of
appendages before measurements.
Measurements on diaspore morphology
We used mass as a proxy for diaspore size, therefore
mean mass was determined by weighing three batches
of 100 air-dried diaspores. The length, width and
height of 30 diaspores per species were measured
under a stereomicroscope using an ocular micrometer.
We expressed diaspore shape as the variance of length,
width and height, after first transforming all three
values so that length = 1 (dividing all three values by
the length); in this way, shape becomes independent
of size (Thompson et al., 1993; Bekker et al., 1998).
Methods applied for sectioning of the diaspores,
staining and ﬁxation of these sections
For each species, three diaspores were randomly selected
for the anatomical characterization. Diaspores were pre-
pared for sectioning with an ultramicrotome. We first
fixed the samples in glutaraldehyde (2.7%) for 24 h,
then they were dehydrated using an increasing range
of acetone concentrations (30, 50, 70, 80, 90 and 100%)
for 1 h each. After fixation and dehydration, diaspores
were embedded stepwise in Epon 812 resin and acetone
(100%) solutions with an increasing proportion of Epon
812, and lastly in pure Epon 812 resin for 24 h each.
After polymerization of the embedding agent and dia-
spores in an oven at 60 °C for 48 h, diaspores were sec-
tioned. We used a Leica UC 6 ultra microtome (Leica
Microsystems, Wetzlar, Germany) with a glass knife to
obtain sections of 0.9–1.3 μm thickness, and stained
them using Epoxy Tissue Stain. We took pictures of
each section with a CCD-digital camera connected to
an Olympus BX 51 optical microscope (Olympus
Optical, Tokyo, Japan).
We measured the thickness of diaspore coverings
(seed coat for free seeds and seed coat and pericarp
for seeds enclosed in fruits) and lignified tissue using
the pictures mentioned above with the ImageJ software
(Abràmoff et al., 2004). The measurements were made
in 100 different locations from all the sections we had
per species, and we calculated the average thickness
of the seed coat, thickness of seed coat with pericarp
(diaspore covering thickness) and thickness of lignified
tissue in diaspore coverings based on these
measurements.
Furthermore, we calculated the relative thickness to
mean radius of the diaspore for diaspore covering thick-
ness (relative covering thickness) and for seed-coat
thickness (relative seed-coat thickness). Thickness of
lignified tissue relative to diaspore covering thickness
was also calculated (lignification degree of coverings).
Further, for a more detailed anatomical characterization
of the coverings, we counted how many tissue types
were involved in forming the seed coat and diaspore cov-
erings, which could be distinguished according to simple
cell morphology and colour. Finally, we counted the
number of cell layers in seed coat and diaspore coverings.
Statistical analysis
To test our first hypothesis that diaspore mass and
shape might influence diaspore anatomy, we used gen-
eral and generalized linear mixed effect models (LMMs
and GLMMs, respectively). We included diaspore cov-
ering thickness, relative covering thickness, lignified tis-
sue thickness, lignification degree of the coverings as
dependent variables in LMMs, and number of cell layers
in diaspore coverings and number of tissue types in dia-
spore coverings as dependent variables in GLMMs with
Poisson distribution. We included the morphological
traits (diaspore mass and shape) as continuous explana-
tory variables, and taxonomical status as species nested
within family as a random term in the analyses. When
necessary, continuous dependent variables were log-
or square-root-transformed before the analyses to meet
the assumption of normality. There was no significant
correlation between the two covariates (Pearson correl-
ation, r = –0.22), which indicates no multicollinearity
problems in these models.
To test our second hypothesis, whether the type of
diaspore (free seed or seed enclosed in fruit) is linked
to the anatomical traits of the seed coat, we applied
LMMs with seed-coat thickness and relative seed-coat
thickness as dependent variables, and GLMMs with
Poisson distribution with number of cell layers in
Diaspore morphology and anatomy 3
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Table 1. Studied species, their family, diaspore type, morphological traits of their diaspore (mass and shape) and results of our measurements on seed traits. Nomenclature
follows Tutin et al. (1964–1980). Diaspore type: S, free seeds; F, one-seeded fruits. Diaspore shape represents variance in diaspore dimensions. SC, thickness of the seed coat
(mean ± SE); P, thickness of the pericarp (mean ± SE); LT, thickness of lignified tissue in diaspore coverings (mean ± SE); T-SC, number of tissue types in seed coat; CL-SC,
number of cell layers in seed coat; T-P, number of tissue types in pericarp; CL-P, number of cell layers in pericarp
Species Family
Diaspore
type
Diaspore
mass (mg)
Diaspore
radius (μm)
Diaspore
shape SC (μm) P (μm) LT (μm) T-SC CL-SC T-P CL-P
Pimpinella
saxifraga
Apiaceae F 0.40 660.11 0.10 7.51 ± 0.18 58.81 ± 3.66 0.00 1 1 4 6
Daucus carota Apiaceae F 0.67 1064.17 0.09 9.63 ± 0.27 56.48 ± 6.78 0.00 1 1 4 5
Carum carvi Apiaceae F 2.16 1272.50 0.11 14.87 ± 0.37 89.58 ± 4.27 4.58 ± 17.05 1 1 4 9
Anthriscus
sylvestris
Apiaceae F 2.30 1305.00 0.16 8.65 ± 0.28 49.30 ± 1.01 1.26 ± 5.56 1 1 2 5
Heracleum
sphondylium
Apiaceae F 5.25 2138.8 0.13 19.22 ± 0.46 122.68 ± 2.70 40.22 ± 6.65 1 1 3 12
Bifora radians Apiaceae F 11.92 1555.21 0.00 23.03 ± 0.61 264.79 ± 10.59 233.19 ± 79.26 2 4 5 17
Artemisia vulgaris Asteraceae F 0.12 372.28 0.12 11.60 ± 0.54 36.21 ± 2.59 0.00 1 1 3 3
Inula ensifolia Asteraceae F 0.31 486.69 0.12 14.34 ± 0.51 41.75 ± 40 9.94 ± 17.41 1 1 3 5
Cirsium arvense Asteraceae F 1.07 1129.51 0.11 18.34 ± 0.46 76.16 ± 8.10 36.10 ± 5.46 2 3 4 6
Centaurea
spinulosa
Asteraceae F 4.36 987.50 0.10 14.83 ± 0.70 94.88 ± 5.41 43.04 ± 9.73 2 5 2 6
Cardaria draba Brassicaceae F 2.87 704.38 0.05 139.24 ± 2.11 170.06 ± 2.84 99.11 ± 14.82 2 3 3 8
Rapistrum perenne Brassicaceae F 7.25 1560 0.06 26.24 ± 0.98 524.96 ± 23.70 207.98 ± 131.57 3 3 3 14
Crambe tataria Brassicaceae F 29.12 889.17 0.00 52.16 ± 1.38 994.85 ± 26.40 464.58 ± 109.23 2 2 3 23
Erucastrum
nasturtiifolium
Brassicaceae S 0.26 403.96 0.04 62.66 ± 1.68 0.00 8.32 ± 3.12 3 3 0 0
Berteroa incana Brassicaceae S 0.50 600.00 0.09 57.79 ± 0.72 0.00 37.10 ± 8.44 3 4 0 0
Thlaspi arvense Brassicaceae S 0.96 684.38 0.07 54.62 ± 2.72 0.00 44.49 ± 19.71 3 3 0 0
Trifolium arvense Fabaceae S 0.36 408.34 0.02 32.53 ± 1.64 0.00 28.54 ± 7.82 3 3 0 0
Trifolium campestre Fabaceae S 0.51 462.82 0.04 54.97 ± 2.40 0.00 47.25 ± 14.59 3 3 0 0
Lotus corniculatus Fabaceae S 1.24 622.2 0.01 58.67 ± 1.03 0.00 40.98 ± 5.97 3 3 0 0
Melilotus officinalis Fabaceae S 1.68 702.23 0.04 80.45 ± 5.30 0.00 55.13 ± 11.12 3 5 0 0
Origanum vulgare Lamiaceae F 0.05 298.43 0.04 10.38 ± 0.68 37.06 ± 1.41 23.06 ± 4.11 1 1 4 4
Mentha longifolia Lamiaceae F 0.08 290.85 0.03 10.96 ± 0.58 48.11 ± 1.71 28.79 ± 5.92 1 1 3 3
Leonurus cardiaca Lamiaceae F 0.87 728.71 0.06 66.18 ± 2.25 77.71 ± 4.03 23.55 ± 6.45 1 3 4 6
Stachys germanica Lamiaceae F 1.66 862.15 0.03 56.58 ± 2.30 161.71 ± 6.20 58.29 ± 13.41 1 2 4 12
Fritillaria meleagris Liliaceae S 1.39 1456.04 0.13 36.00 ± 0.95 0.00 0.00 2 3 0 0
Ornithogalum
collinum
Asparagaceae S 2.14 754.38 0.01 41.50 ± 1.91 0.00 0.00 2 4 0 0
Veratrum album Melanthiaceae S 2.82 1998.75 0.13 60.54 ± 0.73 0.00 0.00 2 2 0 0
Anthericum
ramosum
Asparagaceae S 3.43 1128.54 0.03 45.81 ± 1.10 0.00 0.00 2 7 0 0
Crocus vernus Iridaceae S 5.02 2196.67 0.02 53.74 ± 0.73 0.00 25.11 ± 3.6 3 4 0 0
Colchicum
autumnale
Colchicaceae S 6.32 830.89 0.01 96.49 ± 2.99 0.00 0.00 4 7 0 0
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seed coat and number of tissue types in seed coat. We
included diaspore type as predictor (seed or fruit), dia-
spore mass as covariate, and taxonomical status as spe-
cies nested within family as a random term. An
exception was relative covering thickness, where cov-
ariates were not used. All statistical analyses were per-
formed in the R statistical environment version R 3.0.2
(R Development Core Team, 2012).
Results
Relationships between diaspore morphology
and anatomy
We found significant relationships between morpho-
logical and anatomical diaspore traits. Our results
show that diaspore mass related positively to diaspore
covering thickness and relative covering thickness. The
number of cell layers of the diaspore coverings was
also positively related to diaspore mass. Furthermore,
the thickness of lignified tissue increased with increas-
ing diaspore mass. In contrast, we found significant
negative relationships between diaspore shape (vari-
ance in diaspore dimensions) and lignified tissue thick-
ness in diaspore covering, furthermore the lignification
degree of diaspore covering decreased with increasing
variance in diaspore dimensions (Table 2).
Comparing seed coat anatomy between seeds
and fruits
Based on our results, we found significant differences
between seeds and fruits in three out of the four stud-
ied anatomical traits (Table 3). Free seeds had thicker
seed coats than seeds enclosed in fruits and their rela-
tive seed-coat thickness was larger than in the case of
seeds enclosed in fruits (Table 3, Fig. 1). There were sig-
nificantly more cell layers in the seed coat of free seeds
than in the seed coat of one-seeded fruits. In the studied
species, lignified tissues occurred in 62.5% of the seed
coats of seeds and in only 4.3% of the seed coats of one-
seeded fruits. In the case of fruits, usually only the peri-
carp was lignified. In contrast, we found no significant
difference between the number of tissue types in the
seed coat of free seeds and that of one-seeded fruits.
Discussion
Our results suggest that the thickness of diaspore cover-
ing does not only increase with the size of diaspores,
but bigger diaspores have disproportionately thicker cov-
erings (covering thickness relative to diaspore size), so
there is a supplementary investment in covering struc-
tures in bigger diaspores. This is also reflected by theD
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Table 2. Relationships between morphological (mass and shape) and anatomical traits of diaspores (LMMs for diaspore covering
thickness, relative covering thickness, thickness of lignified tissue in diaspore covering, lignification degree of diaspore covering,
GLMMs for number of cell layers in diaspore covering, number of tissue types in diaspore covering). df = 1 in all cases. Rel., dir-
ection of the relationship
Response variable Predictors
Results
χ2 P value Rel.
Diaspore covering thickness Diaspore mass 118.65 <0.0001 +
Diaspore shape 0.02 0.873
Relative covering thickness Diaspore mass 70.96 <0.0001 +
Diaspore shape 0.06 0.801
Lignified tissue thickness in diaspore covering Diaspore mass 147.74 <0.0001 +
Diaspore shape 4.68 0.030 –
Lignification degree of diaspore covering Diaspore mass 0.63 0.426
Diaspore shape 15.32 <0.0001 –
Number of cell layers in diaspore covering Diaspore mass 36.32 <0.0001 +
Diaspore shape 0.003 0.956
Number of tissue types in diaspore covering Diaspore mass 1.81 0.178
Diaspore shape 0.08 0.773
Table 3. The effect of diaspore type (S, free seeds; F, seeds embedded in fruits) on the anatomy of the seed coat. df = 1 in all cases
Mean ± SE Results
Response variable S F χ2 P value
Seed coat thickness (μm) 27.31 ± 6.27 57.65 ± 4.07 15.85 <0.0001
Relative seed coat thickness 0.03 ± 0.01 0.08 ± 0.01 7.78 0.005
Number of cell layers in seed coat 2.13 ± 0.28 4.06 ± 0.42 13.31 0.0002
Number of tissue types in seed coat 1.43 ± 0.12 2.81 ± 0.16 0.21 0.639
Figure 1. Differences in some anatomical diaspore covering traits between free seeds (seed, n = 16) and seeds embedded in fruits
(fruit, n = 23). (A) Thickness of seed coat; (B) thickness of seed coat relative to radius of the diaspore; (C) number of cell layers in
seed coat. Bars represent mean ± SE.
T. Kuhn et al.6
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increasing number of cell layers and tissue types in dia-
spore covering with diaspore size. Furthermore, the
degree of lignification of the covering also increases
with diaspore size. One explanation for these relation-
ships is that granivorous arthropods (ants, carabids and
crickets) andother seedpredators (rodents andbirds)pre-
fer to consume bigger diaspores due to their larger nutri-
ent content, but also diaspores with thinner, more fragile
coverings due to their more accessible nutrient content
(Morrison et al., 1997; Lundgren, 2009; Matías et al.,
2009). Honek and Martinkova (2003) have shown that
seeds of similar size and weight but different covering
thickness were consumed at different rates by granivor-
ous carabids: granivorespreferred seedswith thinner cov-
ering structures. There are numerous studies involving
rodent predation. Zhang and Zhang (2008) have proved
that rodent predation in a warm-temperate broadleaved
deciduous forest inChina selected negatively for lignified
endocarp thickness and proportion of endocarp mass to
seed mass. In a field study on wild olive seeds,
Alcántara et al. (2000) have also shown that rodents prefer
smaller seeds with thinner lignified coverings.
While larger diaspores are more likely to remain on
the soil surface or in the litter after dispersal, and they
are also more preferred by seed predators, large-
seeded species often have disproportionately thicker
coverings than smaller ones, to minimize predation
risk (Fenner, 1983). Smaller diaspores are quickly bur-
ied in the soil and are well protected there; they are
also much harder to crack mechanically (Lundgren
and Rosentrater, 2007), so they do not necessarily
need to invest in thick coverings for protection against
predators. In addition, small-seeded species have more
diaspores than those with larger seeds (Jakobsson and
Eriksson, 2000; Aniszewski et al., 2001) and their
investment per seed is smaller, therefore their cover-
ings, including seed coat and pericarp, are also likely
to be simpler in structure and thinner than those of lar-
ger seeds (Morrison et al., 1997; Matías et al., 2009).
Besides predation, bigger seeds, which tend to
remain on the soil surface, are much more exposed to
extreme abiotic environmental conditions, such as
drought, heat, frost and UV radiation, which can dam-
age the seed and the embryo. This might be a reason
why bigger diaspores have disproportionately thicker
coverings to compensate for the absence of soil protec-
tion. Seed coat ratio was negatively related to mean
monthly rainfall during the seed dispersal period, sug-
gesting that seeds with thicker coverings may have bet-
ter chances of survival under dry conditions (Hill et al.,
2012). Furthermore, in fire-disturbed ecosystems, big-
ger diaspores with thicker and more lignified coverings
have a greater chance to survive fire than similar sized
but thinner-coated diaspores (Bond et al., 1999; Gashaw
and Michelsen, 2002; Salvatore et al., 2010; Gómez-
González et al., 2011). In addition, plants with bigger
seeds or one-seeded fruits usually have a lower
number of diaspores, thus they can invest more into
one diaspore with anatomically more complex cover-
ings (Venable and Brown, 1988). Taken together, we
conclude that these factors might be responsible for
the positive selective force on thicker covering in big-
ger diaspores, resulting in disproportionately thicker
covering in bigger diaspores.
Our results pointedout that thedegree of lignification
of the diaspore coverings is negatively related to the vari-
ance of seed dimensions, which means that more flat or
elongated seeds have disproportionately thinner and
less lignified coverings than more rounded ones. This
might be explained by their higher surface-to-volume
ratio compared to more rounded diaspores. Thus, the
same amount of covering tissue is distributed on a bigger
surface area, which leads to a thinner diaspore covering
compared to more rounded seeds.
Furthermore, our results indicate that the seed coat
of seeds as diaspores is more complex, in having a
greater proportion lignified tissue and being dispropor-
tionately thicker than the seed coat of seeds embedded
in fruits. It is likely that the pericarp takes over the pro-
tective function and compensates for the very thin and
simple seed coat in fruits. In addition, the pericarp in
fruits has other roles as well, such as dispersal. For
seeds as diaspores, however, the seed coat remains the
only covering structure for protection of the endosperm
and embryo. While in this case the seed coat is the only
barrier to the outside world, it has to offer sufficient pro-
tection for the interior parts of the seed by being more
lignified, thicker and histologically more complex than
the seed coats of seeds enclosed in fruits. We observed
that seed coats of fruits as diaspores were usually not
just thinner, but had a much simpler structure, with
fewer cell layers, very few tissue types and homoge-
neous appearance. In most of the fruits, the seed coat
was formed by living tissues, either epidermal or paren-
chymatous cells. The seed coat of seeds as diaspores, in
contrast, was more differentiated histologically, with
more cell layers and with the external cells usually lig-
nified and dead. Tsou and Mori (2002) have studied
seed coat anatomy in 11 genera and 20 species of the
Brazil nut (Lecythidaceae) family. They reported similar
results to ours by comparing differentiation degree of
the seed coat between seeds and fruits as diaspores,
and showing that seeds have more complex and better
differentiated coats than fruits, where the pericarp takes
over the protective function of the seed.
Conclusions
In our study we showed that there is an allometric rela-
tionship between morphological traits of seeds and
one-seeded fruits and anatomical characteristics of
the seed coat and pericarp. Bigger diaspores had dis-
proportionately thicker and more lignified coverings
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(seed coat or pericarp or both) with a more complex
histological structure than smaller ones. We assume
that predation pressure and exposure to inhospitable
environmental conditions are responsible for plants
with bigger diaspores allocating more in protection of
the inner parts of seeds (embryo, endosperm and peri-
sperm). This may be because they usually have transi-
ent seeds and stay closer to the soil surface, being more
exposed than smaller seeds, which penetrate deeper
into the soil. Further, we found that more elongated
diaspores have disproportionately thinner and less lig-
nified coverings than more rounded ones.
Related to seed coat anatomy of seeds and one-
seeded fruits, we showed that free seeds have a thicker
and anatomically more complex seed coat than those
enclosed in fruits. One explanation may be that the
seed coat is the only protective layer in the case of
free seeds, while seeds included in fruits are sur-
rounded by the pericarp as well. Therefore, fruits
require a more differentiated pericarp but a less differ-
entiated seed coat in contrast to free seeds.
Acknowledgements
We are very grateful to Monica Beldean, Anna Szabó,
László Bartha, Péter L. Pap and Csongor I. Vágási for
their help in seed collection, and to Constantin
Crăciun for providing equipment and working condi-
tions for the histo-anatomical study of the seed material.
Financial support
E.R. was supported by the János Bolyai Research
Scholarship of the Hungarian Academy of Sciences.
Conﬂicts of Interest
None.
References
Abràmoff, M.D., Magalhães, P.J. and Ram, S.J. (2004) Image
processing with ImageJ. Biophotonics International 11,
36–42.
Alcántara, J.M., Rey, P.J., Sánchez-Lafuente, A.M. and
Valera, F. (2000) Early effects of rodent post-dispersal
seed predation on the outcome of the plant–seed dis-
perser interaction. Oikos 88, 362–370.
Aniszewski, T., Kupari, M.H. and Leinonen, A.J. (2001)
Seed number, seed size and seed diversity in
Washington Lupin (Lupinus polyphyllus Lindl.). Annals of
Botany 87, 77–82.
Baskin, C.C. and Baskin, J.M. (2001) Seeds: ecology, biogeog-
raphy, and evolution of dormancy and germination. San
Diego, USA, Academic Press.
Baskin, J.M., Baskin, C.C. and Li, X. (2000) Taxonomy, anat-
omy and evolution of physical dormancy in seeds. Plant
Species Biology 15, 139–152.
Bekker, R.M., Bakker, J.P., Grandin, U., Kalamees, R.,
Milberg, P. and Poschlod, P. (1998) Seed size, shape
and vertical distribution in the soil: indicators of seed lon-
gevity. Functional Ecology 12, 834–842.
Bercu, R. and Broasca, L. (2012) Compartive histoanatomical
aspects of the fruit of some Apiaceae Lindl. Fruit used for
therapeutic purposes. Annals of Romanian Society for Cell
Biology 17, 265–270.
Bond, W.J., Honig, M. and Maze, K.E. (1999) Seed size and
seedling emergence: an allometric relationship and some
ecological implications. Oecologia 120, 132–136.
Calvino, C., Martinez, S.G. and Downie, S.R. (2008)
Morphology and biogeography of Apiaceae subfamily
Saniculiodeae as inferred by phylogenetic analysis of mo-
lecular data. American Journal of Botany 95, 196–214.
Cerabolini, B., Ceriani, R.M., Caccianiga, M., Andreis, R.
and Raimondi, B. (2003) Seed size, shape and persistence
in soil: a test on Italian flora from Alps to Mediterranean
coasts. Seed Science Research 13, 75–85.
Csontos, P. and Tamás, J. (2003) Comparisons of soil seed bank
classification systems. Seed Science Research 13, 101–111.
Daws, M.I., Garwood, N.C. and Pritchard, H.W. (2005)
Traits of recalcitrant seeds in a semi-deciduous forest in
Panamá: some ecological implications. Functional Ecology
19, 874–885.
Daws, M.I., Garwood, N.C. and Pritchard, H.W. (2006)
Prediction of desiccation sensitivity in seeds of woody
species: a probabilistic model based on two seed traits
and 104 species. Annals of Botany 97, 667–674.
Dubbern De Souza, F. and Marcos-Filho, J. (2001) The seed
coat as a modulator of seed–environment relationships in
Fabaceae. Brazilian Journal of Botany 24, 365–375.
Fahn, A. and Werker, E. (1972) Anatomical mechanisms of
seed dispersal. pp. 152–222 in Kozlowski, T.T. (Ed.) Seed
biology: Importance, development and germination, vol.1.,
physiological ecology. New York, Academic Press.
Fenner, M. (1983) Relationships between seed weight, ash
content and seedling growth in twenty four species of
Compositae. New Phytologist 95, 697–706.
Fenner, M. (2000) Seeds: the ecology of regeneration in plant com-
munities. Wallingford, UK, CABI Publishing.
Finch-Savage,W. andMetzger,G.L. (2006) Seeddormancyand
the control of germination. New Phytologist 171, 501–523.
Gashaw, N. and Michelsen, A. (2002) Influence of heat shock
on seed germination of plants from regularly burnt sa-
vanna woodlands and grasslands in Ethiopia. Plant
Ecology 159, 83–93.
Gómez-González, S., Torres-Díaz, C., Bustos-Schindler, C.
and Gianoli, E. (2011) Anthropogenic fire drives the evo-
lution of seed traits. Proceedings of the National Academy of
Sciences, USA 108, 18743–18747.
Graeber, K., Linkies, A., Wood, A.T.A. and Leubner-
Metzger, G. (2011) A guideline to family-wide compara-
tive state-of-the-art quantitative RT-PCR analysis exempli-
fied with a Brassicaceae cross-species seed germination
case study. Plant Cell 23, 2045–2063.
Graeber, K., Nakabayashi, K., Miatton, E., Leubner-Metzger,
G. and Soppe, W.J.J. (2012) Molecular mechanisms of seed
dormancy. Plant, Cell and Environment 35, 1769–1786.
Hermann, K., Meinhard, J., Dobrev, P., Linkies, A., Pesek, P.,
Hesl, B., Machackova, I., Fischer, U. and Leubner-
Metzger, G. (2007) 1-Aminocyclopropane-1-carboxylic
T. Kuhn et al.8
http://journals.cambridge.org Downloaded: 20 Jun 2016 IP address: 130.63.180.147
acid and abscisic acid during the germination of sugar beet
(Beta vulgaris L.): a comparative study of fruits and seeds.
Journal of Experimental Botany 58, 3047–3060.
Hill, J.P., Eduards, W. and Frank, P.J. (2012) Size is not
everything for desiccation-sensitive seeds. Journal of
Ecology 100, 1131–1140.
Honek, A. and Martinkova, Z. (2003) Seed consumption by
ground beetles. Crop Science and Technology 1, 451–456.
Howe, H.F. and Smallwood, J. (1982) Ecology of seed
dispersal. Annual Review of Ecology and Systematics 13,
201–228.
Hulme, P.E. (1998) Post-dispersal seed predation and seed
bank persistence. Seed Science Research 8, 513–519.
Jakobsson, A. and Eriksson, O. (2000) A comparative study
of seed number, seed size, seedling size and recruitment
in grassland plants. Oikos 88, 494–502.
Kelly, K.M., Van Staden, J. and Bell, W.E. (1992) Seed coat
structure and dormancy. Plant Growth Regulation 11,
201–209.
Linkies, A. and Leubner-Metzger, G. (2012) Beyond gibber-
ellins and abscisic acid: how ethylene and jasmonates
control seed germination. Plant Cell Reports 31, 253–270.
Linkies, A., Graeber, K., Knight, C. andLeubner-Metzger,G.
(2010) The evolution of seeds.NewPhytologist 186, 817–831.
Lobiuc, A., Zamfirache, M.M. and Ivănescu, L. (2012)
Comparative anatomical investigations of some species
of the genus Angelica L. Contribuţii Botanice 47, 67–72.
Lundgren,G.J. (2009)Relationships of natural enemies andnon-prey
foods. Dordrecht, The Netherlands, Springer International.
Lundgren, J.G. and Rosentrater, K.A. (2007) The strength of
seeds and their destruction by granivorous insects.
Arthropod–Plant Interactions 1, 93–99.
Martin, A.C. (1946) The comparative internal morphology of
seeds. American Midland Naturalist 36, 513–660.
Martinez, I., Garcia, D. and Obeso, J.R. (2007) Allometric al-
location in fruit and seed packaging conditions: the con-
flict among selective pressures on seed size. Evolutionary
Ecology 21, 517–533.
Matías, L., Mendoza, I. and Zamora, R. (2009) Consistent
pattern of habitat and species selection by post-dispersal
seed predators in a Mediterranean mosaic landscape.
Plant Ecology 203, 137–147.
Moles, A.T., Hodson, D.W. and Webb, C.J. (2000). Seed size
and shape and persistence in the soil in the New Zealand
flora. Oikos 89, 541–545.
Moles, A.T., Ackerly, D.D., Webb, C.O., Tweddle, J.C.,
Dickie, J.B. and Westoby, M. (2005) A brief history of
seed size. Science 307, 576–580.
Morris, K., Linkies, A., Muller, K., Oracz, K., Wang, X., Lynn,
J.R., Leubner-Metzger, G. and Finch-Savage, W.E. (2011)
Regulation of seed germination in the close Arabidopsis
relative Lepidium sativum: A global tissue-specific transcript
analysis. Plant Physiology 155, 1851–1870.
Morrison, J.E.J., Williams, D.F., Oi, D.H. and Potter, K.N.
(1997) Damage to dry crop seed by red imported fire
ant (Hymenoptera: Formicidae). Journal of Economic
Entomology 90, 218–222.
Norden, N., Daws, M.I., Antoine, C., Gonzalez, M.A.,
Garwood, N.C. and Chave, J. (2008) The relationship be-
tween seed mass and mean time to germination for 1037
tree species across five tropical forests. Functional Ecology
23, 203–210.
Pearson, T.R.H., Burslem, D.F.R.P., Mullins, C.E. and
Dalling, J.W. (2002) Germination ecology of neotropical
pioneers: interacting effects of environmental conditions
and seed size. Ecology 83, 2798–2807.
Petri, G. (1979) Drogatlasz (Drogok mikroszkópos vizsgálata).
Budapest, Medicina Könyvkiadó.
R Development Core Team. (2012) R: A language and environ-
ment for statistical computing. Vienna, Austria, R
Foundation for Statistical Computing. Available at
http://www.R-project.org/ (accessed 18 May 2016).
Rees, M. (1996) Evolutionary ecology of seed dormancy and
seed size. Philosophical Transactions: Biological Sciences 351,
1299–1308.
Rodriguez-Pontes, M. (2008) Seed formation in two species
of Adesmia (Fabaceae): co-occurrence of micropylar and
lateral endosperm haustoria in legumes and its taxo-
nomic value. Botanical Journal of the Linnean Society 158,
602–612.
Rolston, M.P. (1978) Water impermeable seed dormancy. The
Botanical Review 44, 365–396.
Salvatore, R., Moya, D., Pulido, L., Lovreglio, R., Lopez-
Serrano, F.R., De las Heras, J. and Leone, V. (2010)
Morphological and anatomical differences in aleppo
pine seeds from serotinous and non-serotinous cones.
New Forests 39, 329–341.
Tămaş, M. (2004) Botanică Farmaceutică, vol. 2. Cluj- Napoca,
Tipografia U.M.F. ‘Iuliu Haţieganu’.
Thompson, K. and Rabinovitz, D. (1989) Do big plants have
big seeds? The American Naturalist 133, 722–728.
Thompson, K., Band, S.R. and Hodgson, J.G. (1993) Seed
size and shape predict persistence in soil. Functional
Ecology 7, 236–241.
Toma, C. and Rugină, R. (1998) Anatomia plantelor medicinale
(Atlas). Bucureşti, Editura Academiei Române.
Tsou, C.H. andMori, S.A. (2002) Seed coat anatomy and its re-
lationship to seed dispersal in subfamily Lecythidoideae of
the Lecythidaceae (The Brazilian Nut family). Botanical
Bulletin of Academia Sinica 43, 37–53.
Tutin, T.G., Heywood, V.H., Burges, N.A., Moore, D.M.,
Valentine, D.H., Walters, S.M. and Webb, D.A. (1964–
1980) Flora Europaea, vols 1–5. Cambridge, Cambridge
University Press.
Venable, D.L. and Brown, J.S. (1988) The selective interac-
tions of dispersal, dormancy and seed size as adaptations
for reducing risk in variable environments. The American
Naturalist 131, 360–384.
Weitbrecht, K., Muller, K. and Leubner-Metzger, G. (2011)
First off the mark: early seed germination. Journal of
Experimental Botany 62, 3289–3309.
Werker, E. (1997) Seed anatomy. Berlin, Gebrüder Borntraeger.
Widodo, P., Hartana, A. and Chikmawati, T. (2009) Correlations
between degree of petal fusion, leaf size and fruit size: a case
in Syzygium (Myrtaceae). Biodiverzitas 10, 120–123.
Yang, X., Baskin, J.M., Baskin, C.C. and Huang, Z. (2012)
More than just a coating: ecological importance, taxo-
nomic occurrence and phylogenetic relationships of
seed coat mucilage. Perspectives in Plant Ecology,
Evolution and Systematics 14, 434–442.
Zhang, H. and Zhang., Z. (2008) Endocarp thickness affects
seed removal speed by small rodents in a warm-
temperate broad-leafed deciduous forest, China. Acta
Oecologica 34, 3285–3293.
Diaspore morphology and anatomy 9
